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ABSTRACT: Reliable strength assessment of the Liquefied Natural Gas (LNG) cargo containment system under the 
sloshing impact load is very difficult task due to the complexity of the physics involved in, both in terms of the hydro-
dynamics and structural mechanics. Out of all those complexities, the proper selection of the design sloshing load 
which is applied to the structural model of the LNG cargo containment system, is one of the most challenging one due to 
its inherent randomness as well as the statistical analysis which is tightly linked to the design sloshing load selection. In 
this study, the response based strength assessment procedure of LNG cargo containment system has been developed and 
proposed as an alternative design methodology. Sloshing pressure time history, measured from the model test, is decom-
posed into wavelet basis function targeting the minimization of the number of the basis function together with the maxi-
mization of the numerical efficiency. Then the response of the structure is obtained using the finite element method 
under each wavelet basis function of different scale. Finally, the response of the structure under entire sloshing impact 
time history is rapidly calculated by synthesizing the structural response under wavelet basis function. Through this 
analysis, more realistic response of the system under sloshing impact pressure can be obtained without missing the de-
tails of pressure time history such as rising pattern, oscillation due to air entrapment and decay pattern and so on. The 
strength assessment of the cargo containment system is then performed based on the statistical analysis of the stress 
peaks selected out of the obtained stress time history. 
KEY WORDS: Sloshing; LNG; Cargo containment system; Wavelet; Meyer; Finite element method; Weibull distri-
bution. 
INTRODUCTION 
Unlike the case of LNG cargo containment system in the seagoing LNG carriers, the design of the structurally reliable cargo 
containment system for the offshore LNG units such as LNG FPSO or FSRU is far more challenging task due to the unprece-
dentedly large size of the storage tank and harsh environment that the structure is exposed to. Also, the operation of the offshore 
LNG units has to be made without filling limitation, which is not the case of seagoing LNG carriers, and this is one of the rea-
sons why care has to be taken in the design of the cargo containment system of offshore LNG units. The above mentioned 
aspects of offshore LNG units, which is different from the seagoing LNG carriers, tends to prohibit the designers from relying 
on the past track record of LNG carriers in the design of cargo containment system of offshore LNG units. It is very well known 
that the liquid motion inside cargo tank under high and low filling case of LNG carriers is totally different from that under 
partial filling case, for example, the filling level around 30~40% of tank height. 
The difficulties entangled with the design of structurally reliable cargo containment system arise due to, fundamentally, the 
randomness of sloshing phenomenon. The liquid motion inside cargo tank is totally chaotic so that statistical approach is nece-  
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ssarily required to derive design sloshing impact load. And this aspect forces the designer to idealize the sloshing impact pres-
sure with limited number of parameters, for example 2 or 3, which are able to well capture the characteristics of the pressure 
time history. This idealization process sometimes misses very important features of the pressure time history, such as rising 
pattern and decay rate etc., leading to the situation that the robustness of the strength assessment is questioned.  
Common practice of the strength assessment of the membrane type cargo containment system usually starts from the impact 
idealization with 2 parameters, i.e., the peak pressure and rise time. Sometimes, the area under pressure time history is taken as 
a parameter, but this impulse is of little relevance to the structural dynamic response because the response of the cargo contain-
nment system under impact load is the matter of dynamics and the impulse itself is the quantity without temporal characteristics. 
The amplification of the structural response when the dynamic load is applied peaks when half of the natural period of the struc-
ture matches with the rise time of the load. In line with this, the decay time is also one of the important factors influencing the 
dynamic behavior of the underlying structure, but it is often not considered explicitly due to the complexity that comes into 
effect during the statistical postprocessing stage.  
Sloshing phenomena in LNG cargo containment system gathered a lot of research interests and there have been many 
attempts to develop a reliable methodology through which the sloshing design load can be derived with confidence. Due to the 
randomness of the sloshing impact pressure, researchers focused on the long-term prediction of the sloshing impact load 
measured from the scaled model tank (Gavory and de Seze, 2009; Pastoor et al., 2005; Rognebakke et al., 2009; Fillon et al., 
2011; Kuo et al., 2009). Recently, Graczyk and Moan (2008) investigated a large sample of sloshing pressure measurements 
and intensively studies the magnitude of individual sloshing impact events and their temporal and spatial patterns. They found 
that the duration of these impacts are the order of the natural frequency of underlying insulation structure so that the details of 
the time history is very important in deriving the design sloshing impact load. They also found that the magnitude of the slosh-
ing impacts is larger with longer duration, smaller ratios of rise time to duration and larger spatial extents especially when the 
filling level is low. Kim et al. (2010) carried out extensive study on the strength assessment of the membrane type cargo con-
tainment system of LNG-FPSO with two-row tank arrangement. The long term design sloshing load was extracted from the 
model test and insulation structure with different reinforcement level, exposed to the sloshing loads was analyzed by transient 
finite element analysis. 
Turning to the more practical design aspect, a lot of research efforts have been made to develop the reliable strength asse-
ssment procedure of the cargo containment system under sloshing impact pressure by the classification societies such as ABS 
(2006), BV (2009), DNV (2006) and LR (2009). Majority of the procedures developed by the classification societies are based 
on the so called load-based approach, where the design sloshing impact pressure is extracted out of the pressure time history 
after some temporal idealization and parameterization. Normally, a single impact event is modeled with a triangular shape 
which can be represented by two parameters, i.e., rise time and peak pressure and the separate statistical analysis is performed 
for both parameters to derive design sloshing load. It is pointed out by DNV (2006) and LR (2009) that the time history of the 
pressure impulse is usually very complex and it is not always clear how to idealize the pressure pulse. It also is pointed out by 
ABS (2006) and BV (2009) that it would be more correct to calculate the statistics of structural response instead of using the 
statistical values based on the pressure peaks. Kim and Kim (2007) proposed response based strength assessment procedure. 
They took advantage of the convolution integral method, which is popularly used in the response analysis of a linear system 
under arbitrary excitation, in the structural response calculation of the cargo containment system. The stresses developed in the 
structure is calculated by impulse response function method and the pressure time history is converted into stress time history 
without relying on the time consuming transient dynamic finite element analysis. Then, the stress peaks are extracted out of the 
stress time history and the statistically meaningful stress level is extracted from the long duration time history of the converted 
stress signal. Nho et al. (2012) applied the methodology to the strength assessment of Mark-III cargo containment system. They 
analyzed the structural response of the cargo containment system under given time history of the sloshing impact pressure 
which was obtained through the small scale model test and derived the failure pressures with respect to the duration and skew-
ness of the impact. 
 The present study is motivated by the achievement of the research of Kim and Kim (2007), targeting the improvement of 
the numerical efficiency of the response based strength assessment method. To achieve the goal, the sloshing pressure time 
history is decomposed into wavelet basis function, instead of triangular impulse used by Kim and Kim (2007), to minimize the 
number of basis function, which is the key factor to improve the numerical efficiency. After the signal decomposition, the res-
ponse of the structure is calculated by finite element method under each wavelet basis of different scale. Then the response of 
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the structure throughout entire time span is obtained by convoluting the wavelet transformation coefficients with the wavelet 
response function of different scale. Finally, the statistical value, i.e. 3 hrs maximum stress level, is derived through 3-parameter 
Weibull fitting on the extracted stress peaks out of the converted stress time history. The results are cross compared with tradi-
tionally used load based approach where temporal idealization of impact event is used. 
UNCERTAINTY IN TIME HISTORY OF SLOSHING IMPACT PRESSURE 
The current practice of the strength assessment of cargo containment system under sloshing load is mainly proposed by the 
ship classification society and Gastransport & technigaz (GTT), the patent holder of the membrane type LNG cargo contain-
ment system. Due to the complex nature of the sloshing phenomenon inside cargo tank of a floating structure, there still seems 
to be a lot of uncertainties related to both hydrodynamic and structural mechanics point of view. Some of main uncertainties 
relevant to the design can be listed as below, 
 
• Pressure time trace. 
• Pressure traveling. 
• Scale law. 
• Hydroelasticity effect. 
• Material behavior under cryogenic condition. 
• Material behavior under fast dynamic load. 
 
There probably may be many others except for those listed above, but these are main uncertainties that are targeted to be 
overcome by many researchers. First three items are more or less hydrodynamics related issues and the final two about material 
behavior are more relevant to the structural mechanics, with hydroelasticity effect is somewhere in between. It may be fair to 
say that the different priority should be assigned to the each item and should be tackled with different weight. The present study 
is related only to the uncertainty related to the very first item, i.e. pressure time trace. 
Usually, the sloshing impact pressure is idealized as a triangular shaped impulse load with the three parameters that charac-
terize the shape, i.e., rise time, peak magnitude and decay time. These three parameters are of prime importance from the struc-
tural response point view both in terms of the time and the magnitude. It is needless to say that the pressure magnitude is direc-
tly related to the structural response, but the other two temporal parameters are also very important since it has direct impact on 
the occurrence of the resonant behavior between the structure and the excitation in dynamic condition. Normally, when the rise 
time of the impact load acting on the structure stays near the half of the natural period of the structure that is exposed to the  
 
     
(a) Impact pressure idealization.                      (b) Alternative definition of rise time. 
Fig. 1 Typical impact pressure time history and idealization (DNV 30.9). 
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impact load, one can expect the structural response tends to be magnified by amount of, so called, dynamic amplification factor. 
The decay time is also closely related to the dynamic behavior of the structure since it is the control parameter of the attenuation 
of the structural response. However, to simplify the statistical analysis procedure, it is often assumed that the rise time equals to 
the decay time so that only two parameters remain to model the idealized triangular shape. Fig. 1 shows two methods, proposed 
by DNV (2006) through which a single impact event is idealized by the two parameters. First of all, the threshold value is 
empirically chosen and the time that takes for the pressure to reach the peak value from the threshold value is defined as the rise 
time. There is an alternative way to define the rise time as shown in Fig. 1(b). In this alternative definition, the half of the rise 
time is defined as the time between the pressure peak point and its half. The rise time matters when it comes to the structural 
response under dynamic load since the rise time, which is the time for the load to reach its peak value, is the key factor to 
determine whether the excitation is in near resonance with the structure or not. Therefore, once there is some obscurity in the 
definition of the rise time linked with the pressure peak during the triangularization, it is very likely that one may miss the im-
portant dynamic nature of the structural response calculation. 
Fig. 2 shows typical schematic view of the pressure time history when gas is entrapped by the surrounding liquid impacting 
the corner of the tank. This is one of typically observed phenomena near the upper ceiling of the tank when the filling level is 
relatively high. The oscillation frequency depends on the compressibility of the trapped gas together with its volume and shape, 
and it holds the possibility that the oscillation causes the resonance with underlying structure depending on the local natural fre-
quency of the structure that is exposed to the oscillating pressure load. Also the dynamics behavior of the structure may differ 
between the two stages, i.e. the steady rising stage during the early phase of the impact and the oscillating stage near the top of 
the hump. In this regard, the definition of single rise time for this impact event becomes questionable. Moreover, Fig. 2(b) 
clearly demonstrates that there may be two different choices of rise time, case 1 and case 2, depending on the selection of the 
pressure peak. If one strictly follows the idealization given in Fig. 1, it is clear that the real dynamic nature of the impact pre-
ssure during the steady rising stage is lost, not to speak of being unable to consider the dynamic nature of the impact pressure 
during the oscillation stage. Sometimes the situation may become really complicated due to the interaction effect of the acting 
pressure. 
     
(a) Two impact phase.                           (b) Different triangularization. 
Fig. 2 Schematic view of the pressure time history when gas is trapped. 
 
To check the effect of the pressure impact idealization with simple triangular shape of equal rise and decay time, a simple 
numerical test has been carried out using an example of sloshing impact pressure applied on the cargo containment system 
model. Fig. 3(a) shows a single impact event which was chosen from the model test of 1/50 scale. The impact pressure peaks 
around 0.025 sec in the small boxed graph shown in upper right corner and this peak is magnified in the main window. The 
impact pressure is modeled with simple triangle shape and both pressure peak magnitude and corresponding rise time are de-
fined following the definition shown in Fig. 1. Fig. 3(b) shows the finite element model of the GTT NO96, a type of membrane 
insulation system developed by GTT, non-reinforced insulation box. The half of the box is modeled using 4-node quadrilateral 
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shell element considering the symmetry and the symmetric boundary condition is applied on that plane. The bottom of the 
insulation box is supported by the resin ropes and these are modeled with 8-node hexahedral solid element. The bottom of the 
resin ropes is fully fixed. The pressure shown in Fig. 3(a) is applied on the top surface of the box and the stress time history at 
location A is monitored. The explicit transient dynamic analysis has been carried out using the commercial finite element pro-
gram ABAQUS Ver.6.8. The material properties for the plywood and the resin are given in DNV (2006). 
 
      
(a) Impact pressure and triangularization. 
 
 
(b) Finite element model of NO96 box. 
Fig. 3 Sloshing impact pressure idealization and FE model of NO96 box. 
 
Fig. 4 shows the comparison of the time history of the vertical component stress at the location A. As can be seen in this 
graph, the modeled load predicts somewhat lower stress value compared to the stress under the actual load. This difference 
between the two cases may be ascribed to the different load rising pattern during the early stage of the pressure signal, shown in 
Fig. 3(a). The modeled load misses the smoothly rising pattern in the early stage of the pressure action that the actual load 
follows and this small difference between the two cases results in the stress deviation shown in Fig. 4. Based on this, one may 
conclude that the small difference between the actual load and modeled load may induce somewhat large difference in the 
response of the structure. 
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Fig. 4 Stress time history under two different impact load. 
WAVELETS AND WAVELET TRANSFORMATION 
Wavelet theory 
It is well known that the sloshing phenomenon is strongly nonlinear and this is why a lot of research efforts are devoted to 
the sloshing problem without achieving some practically fruitful output. The strong nonlinear characteristics of the sloshing 
phenomenon forces the researchers to rely on the either nonlinear computational fluid dynamics (CFD) or the model test for the 
sloshing load evaluation, though the former one is still in not practically useful stage. As to the response of the structure part, the 
situation is not as difficult as the hydrodynamic part, but the problem is that it is not readily achievable to obtain the crystal clear 
sloshing design load both in terms of pressure magnitude and its temporal characteristics. The response based approach, rather 
than load based one, may play some role in solving this issue thanks to its clarity from statistical analysis point of view. Given 
this condition, the breakthrough, at least from temporal characteristics of the sloshing impact pressure, can be made once the 
stress time history can be obtained in appropriate way from the sloshing impact time history. This is the key to the success of 
response based approach. 
The main idea to obtain the structural response with rapidity comes from the fact that the structural system is linear. Once 
the system is linear, the output can be obtained by synthesizing the response component which corresponds to the input com-
ponent. This can be done either in time and frequency domain by using convolution integral and Fourier transform respectively. 
Due to the presence of the sharp peaks and discontinuity, Fourier transform does not seem to be the right way to follow. The 
convolution integral using impulse response function may be the potential candidate, but the second thought should be given to 
it in terms of the numerical efficiency. In the convolution integral method using the triangular impulse, the interval of the impul-
se has to be small enough to capture the sharp peak, and this interval should be the order of the sampling frequency. This tri-
angular impulse with very short interval definitely deteriorates the numerical efficiency once it starts to sweep the region where 
the signal varies rather slowly, in which case the interval may be increased. Considering the drawbacks of the above mentioned 
two approaches, the best way seems to be the one which can overcome the inefficiencies that the two approaches have. There-
fore, the new method has to be able to capture the sharp peaks or local discontinuities with small number of basis and also has 
to be able to reproduce slowly varying signal without using too many basis. The ‘Wavelet’ is the right choice for that. 
It is well known that the wavelet transforms have some advantages for representing the signals with sharp peaks and dis-
continuities. Standard Fourier transform decomposes the entire signal with trigonometric functions. It suffers from the so called 
‘Gibbs phenomenon’ whenever it meets local discontinuities, so that the total number of the basis function becomes very large, 
sometimes becoming impractical. To overcome this, local Fourier transform, or windowed Fourier transform has been deve-
loped. In this approach, the trigonometric functions are windowed in such a way that the transformation spans in both time and 
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frequency domain at the same time. Wavelet transform is somewhat similar to the windowed Fourier transform, but the differ-
rence lies in the fact that the windowed Fourier transform simply modulates the trigonometric function of different frequency in 
same scale, but the wavelet takes into account the different scale. Wavelet transform maximizes the efficiency by using differ-
rent scales depending on its frequency contents, which is the point that distinguishes it from others. For the wavelet expansion, a 
two-parameter expansion has to be considered to cover both time and frequency, where index j is for the scale or frequency and 
index k for the time. The basic form of wavelet expansion is given as Eq. (1). 
, ,( ) ( )j k j k
k j
f t a tψ=∑∑  (1) 
where the function ψi,j(t) are the wavelet expansion functions that usually form an orthogonal basis, so that the coefficient can 
be easily obtained through the inner production of the two functions. Wavelet transform takes two different kinds of basis func-
tions, one is scaling function and the other one is wavelet function. The original signal that the wavelet transform targets can be 
decomposed in to the shifted scaling function and shifted-scaled wavelet functions as shown in Eq. (2). 
( ) ( ) ( ) ( ) (2 )jj
k k j
f t c k t k d k t kϕ ψ= − + −∑ ∑∑   (2) 
The function in the first term, ϕ, called scaling function, covers the function space of the coarsest resolution and it only 
translates without dilation. In other words, this series expansion approximates the original function f(t) in a coarse way leaving 
the difference between f(t) and approximated function to the function of higher resolution, i.e. wavelet function series in the 
second term. The second term, ψ, called wavelet function, covers the function space of the finer resolution and it dilates and 
translates at the same time. The wavelet function has successive finer level depending on the scaling factor 2j in front of the 
parameter t, and this scaling allows the wavelet function to cover all function space of finer resolution. The wavelet function can 
be derived from the scaling function by the following relationship. 
1( ) ( ) 2 (2 )
n
t h n t nψ ϕ= −∑   (3) 
The coefficient of the wavelet function h1(n) can be determined by the requirement of the orthogonality with scaling fun-
ction. The function space covered by the scaling function is subset of the function space covered by the wavelet function given 
in Eq. (3), but the coefficient of the wavelet function of Eq. (3) is to be determined in such a way that it is orthogonal to the 
scaling function. The starting resolution of the wavelet series expansion may be arbitrary so that the expression in Eq. (2) can be 
rewritten in the form given in Eq. (4), where j0 stands for the starting scale or resolution. 
0 0
0
0
/ 2 / 2( ) ( )2 (2 ) ( )2 (2 )
N
j j j j
j j
k k j j
f t c k t k d k t kϕ ψ
=
= − + −∑ ∑∑   (4) 
The scaling function ϕ of Eq. (4) covers the coarsest function space and remaining function space of higher resolution is to 
be covered by the wavelet function ψ with successive scaling and translating. The coefficient in this wavelet series is called wa-
velet transform of the function f(t). Since the scaling and wavelet functions are all orthogonal with each other, the coefficients 
can be calculated through the inner products between the function f(t) and scaling and wavelet functions, as shown in Eq. (5). 
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Meyer wavelet 
Meyer wavelet is one of the early wavelet functions and the Fourier transform of the corresponding scaling function is de-
fined by Eq. (6).  
4 2 3
1 2( )                                      if 
32
1 3 2 4( ) cos 1      if 
2 2 3 32
4( ) 0                                            if 
3
,  ( ) (35 84 70 20 )
v
where v a a a a a
πϕ ω ωπ
π π πϕ ω ω ωππ
πϕ ω ω
= ≤
⎡ ⎤⎛ ⎞= − ≤ ≤⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
= >
= − + −
  (6) 
The wavelet function is then defined by Eq. (7). 
2
2
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2 2 3 32
3 4 8( ) sin 1      if 
2 4 3 32
i
i
e v
e v
ω
ω
π π πψ ω ω ωππ
π π πψ ω ω ωππ
⎡ ⎤⎛ ⎞= − ≤ ≤⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞= − ≤ ≤⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
  (7) 
The frequency domain representation of the scaling and wavelet functions clearly tells that the functions are filter banks. 
The time domain representation of the scaling and wavelet function are shown in Fig. 5 and this functions can be achieved by 
taking inverse Fourier transform of the Eqs. (6) and (7). The Meyer wavelet function is not compactly supported but it decays 
faster than any inverse polynomial. 
 
       
              (a) Scaling function (ϕ).                               (b) Wavelet function (ψ). 
Fig. 5 Meyer wavelet. 
 
Fig. 6 shows an example of the time and frequency domain representation of Meyer wavelet function up to level 5 when 
sampling frequency is 2.8 kHz, which means that the shift interval of the wavelet function of the highest frequency band, i.e. level 
1, equal to that given sampling frequency. The sampling frequency 2.8 kHz corresponds to the 20 kHz model scale sampling 
frequency when the model scale is 1/50. Level 5 is the starting scale and level 4 is the one obtained by scaling the level 5 wavelet 
function by half. Level 3, 2 and 1 are those obtained by successive scaling of the previous wavelet function by half. As the Fou-
rier transform of the wavelet function, given in Eq. (7), tells, each wavelet function forms the filter bank, each of which covers 
some frequency band depending on the level of the wavelet function. The central frequencies, which are the main frequency 
component of the highest contribution of each wavelet functions, are 938.14, 469.07, 234.54, 117.27 and 58.63 Hz respectively. 
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 (a) Time domain representation.                  (b) Frequency domain representation. 
Fig. 6 Time and frequency representation of Meyer wavelet up to level 5. 
Wavelet transformation of sloshing impact pressure 
Fig. 7 shows an example of the sloshing impact signal, which is selected out of the long measured signal of 1/50 model 
scale. A graph shown in the small box at upper right corner shows the magnified view zooming in the impact moment. The de-
tails of the experiment from which the signal is chosen, will be discussed in the later stage. Fig. 8 shows the signal decom-
position using the wavelet functions of 5 different scale shown in Fig. 6. The approximation level 1, shown in Fig. 8(a) is the 
signal after the level 1 wavelet function, shown in Fig. 8(b), has been filter out. The detail level 1, shown in Fig. 8(b), is the 
summation of the wavelet function of level 1 deployed in time. Fig. 8(c) to (j) is the successive filtering process using the next 
higher level, or lower frequency, wavelet functions. In the long run, the original signal is decomposed into approximation level 
5, shown in Fig. 8(i), together with five details of level 1 to 5, shown in Fig. 8(b), (d), (f), (h), (j) respectively. 
 
 
Fig. 7 An example of the sloshing impact signal. 
 
Therefore, the original impact signal, denoted by p(t), can be expressed as, 
0
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where ψ(2jt-k) is the 5-(j-j0) th level wavelet function shifted by k and the function ps(t) is the one shown in Fig. 8(i). 
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(a) Approximation level 1.                          (b) Detail level 1. 
   
(c) Approximation level 2.                          (d) Detail level 2. 
   
(e) Approximation level 3.                          (f) Detail level 3. 
   
(g) Approximation level 4.                          (h) Detail level 4. 
   
(i) Approximation level 5.                          (j) Detail level 5. 
Fig. 8 Signal decomposition up to level 5. 
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DEVELOPMENT OF RESPONSE-BASED STRENGTH ASSESSMENT PROCEDURE 
As was mentioned before, the newly developed strength assessment procedure presented in this paper is motivated by the 
work of Kim and Kim (2007) who proposed a simplified method to calculate the structural response of the structure under 
sloshing impact load. A novelty of the present method is the application of wavelet transform for signal decomposition and 
response synthesization, which is numerically more efficient than the triangular impulse used by Kim and Kim (2007). The 
merits of the proposed method are mainly on the superior flexibility of the wavelet transform which eventually leads to the 
minimum number of basis, as well as the structural response calculation using steady state dynamics, rather than transient one. 
Signal  decomposition 
The dynamic effect of the sloshing impact signal is closely related to the dynamic characteristics of the structure that is 
supposed to be exposed to the impact load. For example, if the lowest natural frequency of the structure is 1 msec, the sloshing 
impact load whose rise time is far longer than 1 msec, does not induce any dynamic effect. So, the sloshing impact pressure 
which varies in a rather slow manner compared to the natural period of the structure can be considered to be static one. Relying 
on this, it is very efficient to decompose the original sloshing impact signal into slowly varying one and rapidly varying one. 
The dividing frequency may be determined based on the lowest natural frequency of the structure. By doing this, the slowly 
varying impact signal and rapidly varying impact signal can be handled separately, that is to say, the slowly varying one as the 
static load and the rapidly varying one as the dynamic load. Fig. 9 shows the signal decomposition into slowly varying one and 
rapidly varying one based on the frequency band of the Meyer wavelet function of different scale. The slowly varying signal 
shown in Fig. 9(c) is the same one as shown in Fig. 8(i) and the rapidly varying signal shown in Fig. 9(b) is the summation of 
the all the details shown in Fig. 8. As the central frequency of level 5 wavelet function corresponds to 58.63 Hz, i.e. 17 msec in 
term of the period, the slowly varying signal includes the sinusoids whose periods are mainly longer than 17 msec. Considering 
the stiffness and mass characteristics of the insulation box of GTT NO96 cargo containment system, it is reasonable assumption 
that level 5 for this particular case is right choice as the cut-off between static and dynamic. Usually, the response of the 
insulation box becomes almost static once the rise time of the sloshing impact load is larger than 6 msec (Kim et al., 2010). 
 
   
           (a) Original signal.          (b) Rapidly varying component.         (c) Slowly varying component. 
Fig. 9 Signal decomposition into slowly and rapidly varying ones. 
 
The main focus is on the rapidly varying signal which is going to be handled as the dynamic load acting on the structure, 
whereas the slowly varying signal is handled as the static load which is easy to treat. It can be said that, by separating the load 
into static and dynamic one, the overall efficiency of the signal decomposition and the response calculation becomes really high. 
This is due to the fact that the dynamic load is retained within very short time duration, which means the data that have to be 
handled with special attention is minimized. Fig. 10 shows relatively long time history of sloshing impact signal measured on 
1/50 scaled model. The measured signal shows 34 significant impacts but after filtering out the static signal, the significant 
impact number becomes only 16. This means that the other 18 impacts are static loads whose rise time is larger than 17 msec. 
Looking at the original signal shown in Fig. 10(a), the impact number 2 is the highest but when it comes to the dynamic com-
ponent, impact number 5 is the highest. In terms of the structural response, no one can clearly dictate that the impact number 2 
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is more critical than the impact number 5 since the dynamic impact always entails dynamic amplification effect, as may be the 
case of impact number 5. 
 
 
(a) Measured signal. 
 
(b) Dynamic component. 
Fig. 10 Signal decomposition into static and dynamic component. 
 
The dynamic component, or rapidly varying signal, is further decomposed into wavelet basis function as described in Fig. 
8. This is achieved through the wavelet transformation process, hence the wavelet coefficients dj,k of each wavelet function of 
different scale are stored together with its location information, k. The entire decomposition process can be explained by the 
Eq. (9). 
0
0
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/ 2( ) ( )2 (2 )    
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( ) ( ) ( )                        
j
j j
dynamic j
static dynamic k j j
static dynamic
p t d k t k
p t p t p t
p t p t p t
ψ
+
=
⎧⎪ = −⎪= + ⇒ ⎨⎪ = −⎪⎩
∑∑   (9) 
Wavelet  response function 
The wavelet response function is defined as the response of the system under each wavelet function of different scale. 
Provided that the wavelet response function is given, the response of the system under sloshing impact pressure of arbitrary 
time history can be obtained by synthesizing the wavelet response function. In order to build the wavelet response function, the 
structural analysis needs to be carried out under each wavelet function of different scale. This can be achieved by analyzing the 
system using structural finite element analysis either in time and frequency domain. Since the Meyer wavelet is well repre-
sented by the pure trigonometric functions as described in Fig. 6(b), the wavelet response function can be obtained in frequency 
domain considering the numerical efficiency that frequency domain approach has.  
The FE model of NO96 insulation box is same as the one shown in Fig. 3(b), maintaining the other details same. The 
sloshing impact pressure is assumed to act on the top surface of the box. Both explicit transient dynamic FE analysis and fre-
quency domain steady state dynamic analysis have been carried out and the correspondence between the two different results is 
cross compared. The time history of the sloshing impact pressure for the transient dynamic analysis and the frequency contents 
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of the sloshing impact pressure for the steady state dynamic analysis for each wavelet function of different scale are those given 
in Fig. 6. The vertical component stress at the location A, shown in Fig. 3, is selected and used for the result comparison. The 
analyses have been carried out using the commercial FE program ABAQUS Ver. 6.8. 
As was mentioned before, the Meyer wavelet is not compactly supported, so the truncation has been made for the time do-
main transient dynamic analysis considering the fact that the decay rate of the Meyer wavelet is rather fast. The justification for 
this truncation can be automatically made since the dynamic pressure, shown in Fig. 10(b), clearly demonstrates that the slosh-
ing impact event can be handled independently without interaction among them. This is possible due to the fact that the impact 
event takes place with some time interval, which is long enough from the viewpoint of the dynamic oscillation of the structure. 
For the frequency domain calculation, frequency component of wavelet basis function along with the phase angle was input to 
the FE program in the form of real and imaginary number, and the output given in frequency domain was transformed into time 
series by combining the modulus and phase angle. For the time domain calculation, the direct discretized time series of the wa-
velet basis function was applied to the FE model and the response time series is obtained accordingly. The structural damping is 
assumed to be about 5% of its critical damping of the lowest vibration mode for both time and frequency domain approaches.  
Fig. 11 shows the wavelet response function of level 2 and level 3. The curve with dots is the result obtained by running 
steady state dynamic analysis and the plaine curve is the result obtained by transient dynamic analysis. It can be seen that two 
results obtained from two different numerical approaches give almost identical results. From practical point of view, the wavelet 
excitation of level 2 and 3 are the main contributor to the spiky impact signal when sampling frequency is 20 kHz, so these two 
are of the prime importance out of all 5 levels. 
 
 
(a) Level 2 wavelet response function.  
 
(b) Level 3 wavelet response function. 
Fig. 11 Wavelet response function of level 2 and level 3. 
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Fig. 12 summarizes the calculated wavelet response function compared with the wavelet excitation from level 1 to 4. It can 
be clearly seen that the dynamic effect is very pronounced for the level 2 and 3. The response under level 4 is already static-like 
so that the shape of stress signal is not so much different from the excitation, and this indirectly tells that the stress response 
under level 5 is static enough. For the level 1, the structural response is rather calm compared to the level 2 case considering the 
larger excitation magnitude of level 1 shown in Fig. 12(a). This is due to the fact that the frequency of level 1 excitation is too 
high to influence the structure, that is to say, the impact pressure disappear so quickly that there is not enough time for the 
structure to feel the excitation. It may be said that the small magnitude of the wavelet response function under level 1 excitation 
enables us to filter out level 1 frequency band out of the original signal without losing the accuracy of structural response. Even 
if the intensity of level 1 component is rather high in some cases, filtering out the level 1 component usually does not distort the 
structural response that much in case that the underlying structure is the GTT NO96 insulation box. 
 
  
 (a) Wavelet excitation.                         (b) Wavelet response function. 
Fig. 12 Wavelet excitation and corresponding response function. 
Response synthesization 
The response synthesization of the dynamic process is similar to the convolution integral of impulse response function, and 
is given as Eq. (10) under j-th level wavelet excitation. The stress time history, at a given location under wavelet function exci-
tation of j-th level, can be obtained by convolution type summation of the wavelet response function and wavelet coefficient. 
( ) ( ) ( )
2
( ) ( ) ( )
j j j j
k
j j
kt d k R t
R H
σ
ω ω ω
= −
= Ψ
∑
  (10) 
Here, ψj(ω) is the Fourier transform of the wavelet function of j-th level, H(ω) is the linear transfer function of the system and 
Rj(ω) is the Fourier transform of the wavelet response function under the wavelet function excitation of j-th level. The whole 
response of the system under sloshing impact pressure of arbitrary time history can be obtained by integrating the stress time 
history of j-th level together with the static response. 
5
1
( ) ( ) ( )j static
j
t t p tσ σ α
=
= +∑   (11) 
The constant α in Eq. (11) is the transfer function of the system under static load, so factoring the static pressure with α di-
rectly gives the stress at corresponding location. 
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To check the validity of the proposed scheme, the response of the GTT NO96 insulation box shown in Fig. 3(b) is again 
analyzed under a single impact event shown in Fig. 7. Fig. 13 shows the response comparison between the two methods. The 
curve with dots is the analysis result obtained through the response synthesization method described above, and the curve with-
out mark is the analysis result obtained through the explicit transient dynamic analysis. Fig. 13(a) demonstrates that the overall 
tendency between the two results matches very well, and Fig. 13(b) confirms that the detail responses of the two results near the 
response peak taking place around 0.18 sec also correspond well. 
 
    
               (a) Response comparison.                           (b) Magnified view near peak. 
Fig. 13 Response comparison between two different methods. 
APPLICATION 
Model  test 
For the cross comparison of the current method with traditionally used load based approach, a set of pressure time history is 
selected from the sloshing model test of 1/50. The model test is about the 138 K LNG carrier, which is moving forward with the 
speed of 5 kts and exposed to the bow quartering sea with 95% of filling level. The sea state the vessel is subject to is Hs = 9.5 m 
and Tz = 7.5 sec. The test was run for 5 hrs. full scale time. The pressure sensors were installed at three corner of the upper ceil-
ing in the form of 4 by 4 cluster, together with some other areas as shown in Fig. 14. Since the spatial distribution of the pres-
sure is not important factor in the validation of the current methodology, it is assumed that the pressure time history picked at 
 
         
        (a) Sloshing test facility.                          (b) Sensor arrangement. 
Fig. 14 Sloshing model test set up. 
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one of the sensors acts on the entire top surface of the GTT NO96 insulation box. Pressure sensors of ICP type by Kistler 
Instrument Corporation were installed on the model tank. The diameter of the sensor is 5.54 mm which corresponds to the 0.227 
m in full scale matching the area less than 1/4 of a single standard NO96 insulation box in full scale. The natural frequency of 
the sensor is 300 kHz so that the interaction with impact is not expected. The sampling frequency is 20 kHz. Fig. 15 shows the 
pressure time history that is picked up at the sensor location ‘A’ denoted by an arrow in Fig. 14. 
 
 
Fig. 15 Pressure time history at sensor location ‘A’ (3 hrs. record is shown). 
Analysis 
The analysis results from the developed approach were compared with those from the traditionally used load based appro-
ach, where an arbitrary impact event is parameterized by the peak value and pressure rise time assuming that the signal is train-
gular. Fig. 16 shows the procedure of two methods for calculating the response of the structure under a sloshing load, the pro-
posed wavelet based method on the left side and the traditional load based method on the right side. Both methods start with the 
same pressure load history shown in Fig. 15.  
 
 
Fig. 16 Analysis flow charts for two methods. 
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As was explained before, the developed approach splits the pressure signal into slowly and rapidly varying component res-
pectively in order to take advantage of the static nature of the slowly varying component. For the slowly varying component, 
the stress response can be easily obtained by the simple static analysis since no dynamic effect is present in the response of the 
structure. For the rapidly varying component, the wavelet transformation method is used to decompose the signal into its wave-
let basis functions and the wavelet response functions are sought and used for the response synthesization considering the dyna-
mic effect of the underlying structure. Then the total response can be calculated by summing up the static and dynamic response. 
Then the stress time history was statistically analyzed to extract the extreme value. Fig. 17 shows the stress time history which 
is converted from the pressure time history shown in Fig. 15, following the procedure shown in Fig. 16. Dots are the stress 
peaks that is used for the statistical analysis in the following step. 
 
 
Fig. 17 Stress time history. 
 
One of the key parts of the analysis is the statistical analysis through which the most probable maximum stress value within 
a given time duration is derived. The histogram of the identified peaks is derived then the probability density function is dete-
rmined by curve fitting. Normally, for extracting the extreme value, 3 parameter Weibull distribution is used as shown in Eq. (12).  
1
( )
kxkk xf x e
θ
λθ
λ λ
−⎛ ⎞− −⎜ ⎟⎝ ⎠−⎛ ⎞= ⎜ ⎟⎝ ⎠   (12) 
where k is the shape parameter, λ is the scale parameter and θ is location parameter respectively (DNV, 2006). The statistically 
meaningful 3 hrs. extreme value can be derived based on the exceedance probability function along with the exceedance pro-
bability value that corresponds to 3 hrs. Fig. 18 shows the plot of the probability of exceedance for the stress peaks found in the 
stress time history shown in Fig. 17, together with its 3 parameter Weibull fit. The 3 hrs. maximum stress value is obtained by 
the fitting turned out to be 6.84 MPa in compression.  
 
 
Fig. 18 Probability of exceedance plot for the stress peaks. 
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In case of load based approach, the most probable 3 hrs pressure peak value was extracted through the statistical analysis. 
Representative rise time was determined based on the separate statistical analysis on the rise time itself. The representative rise 
time was selected at the location where probability density of the rise time itself peaks. It was accepted to be reasonable to use 
the rise time data set whose corresponding pressure peak values are within the top 10%. Fig. 19 shows the probability density 
function of the rise time of top 10%, together with the probability of exceedance for the pressure peaks. The modal rise time 
turned out to be about 2 msec and the 3 hrs. maximum pressure peak is around 4 bar. 
The derived rise time and the peak pressure forms a single representative triangular impulse load, and this is applied on the 
top surface of the GTT NO96 insulation box model. The explicit transient dynamic analysis has been carried out and the maxi-
mum stress out of the transient stress response at given location is picked up. This value turned out to be 5.85 MPa in com-
pression. The value obtained by the load based approach predicts the stress level about 17% lower than the one obtained by the 
proposed wavelet based approach. It is somewhat surprising that the prediction given by the load based approach is not conser-
vative one, and this suggests that the current load based approach needs some modification in its procedure to guarantee the 
conservatism and the proposed response based approach may play some important role for that. 
 
 
(a) Probability of exceedance for the pressure peak.       (b) Probability density function of rise time. 
Fig. 19 Statistical analysis of pressure peaks and rise time. 
CONCLUSIONS 
There are some modeling uncertainties related to the temporal characteristics of the sloshing impact pressure in the current 
design procedure of the strength assessment of the LNG cargo containment system. To avoid the issues, a new response based 
strength assessment procedure was developed by using the wavelet transform technique. Based on the studies carried out in this 
paper, following conclusions are derived. 
 
• Current load based approach idealizes the sloshing impact pressure with simple triangular shapes, and this introduces some 
modeling uncertainties related to the temporal characteristics. Those are the ambiguity of the rise time definition, the effect of 
decay time and the possible load interaction effect and so on. The response directly obtained from the transient FE analysis 
also confirms that the above mentioned uncertainties produces significant differences of the structural response of the 
underlying structure that is exposed to the impact pressure. 
• The rapid response calculation procedure has been developed in this paper using the wavelet transform technique. First of all, 
the long duration sloshing impact signal is decomposed into the slowly varying and rapidly varying component with its cut-
off frequency determined by the natural frequency of the underlying structure. This guarantees that the structural response 
under slowly varying component may be regarded as static one, whereas the dynamic response is induced only by the rapidly 
varying component. The dynamic response under rapidly varying component is obtained by convoluting the wavelet res-
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ponse function of the system and the wavelet transform coefficient, and the whole response is synthesized by superimposing 
the static and dynamic response. 
• The response calculated by the developed approach was directly compared with the results obtained from direct transient 
dynamic FE analysis. It was confirmed that the developed approach produced almost identical results with those obtained by 
direct FE calculation, as was expected. 
• A case study has been carried out for the pressure time history measured from the model test of 138 K LNG carrier, and 
comparison was made between the proposed method and conventional load based approach. It turned out that the 3 hrs maxi-
mum stress obtained by the proposed method was larger than the one obtained by the load based approach by 17%. It may be 
concluded that the load based approach which relies on the separate statistical analysis for both rise time and pressure peak 
does not guarantee conservative result. 
• On top of the benefits that are achievable in the response calculation, wavelet decomposition gives rise to further advantages 
such as, high data compressibility, enhanced readability of the signal and so on. Also, the wavelet transform result highlights 
some characteristics of the sloshing impact signal and valuable information can be derived out of it, such as the identification 
of the dynamic components, which is hard to recognize in the time history of the signal. 
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